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Introduction
The building sector accounts for 40% of the world's energy consumption. The number of air conditioning and refrigeration devices is estimated at 4 billion units consuming 17 % of global electric energy [1] . When installed in high buildings, air conditioners heat air flowing through the outdoor condensers. The air density increases and the air tends to flow up near another condenser to be heated again. This phenomenon is partly responsible for the urban heat island effect. The proximity of buildings and their cooling equipment creates hot outdoor environment provoking higher cooling demands and lower performance of air conditioners. In addition, the world population is growing, which leads to an increase of the needs of commercial and domestic refrigeration and air conditioning as well as in drinking water. Human activities lead to the decrease of available water resources because of pollutions or their use for farming and industrial activities. Over 40% of the world's population living in watersheds by serious water shortages, the demand in terms of water resource levy should increase by around 55% by 2050 [2] . The desalination of seawater or brackish water is often a solution to the lack of fresh water.
Numerous studies deal with cold production for air conditioning or refrigeration firstly and secondly the desalination of seawater. However, there are very few papers in the literature studying the coupling of cooling systems and desalination in order to produce simultaneously a cooling capacity and fresh water (see [3] for a recent review). In addition, the simulation study of a membrane distillation system for seawater desalination coupled to a heat pump was already conducted but needs to be improved in terms of system sizing and operating conditions [4] . An optimization study for the design of thermal distillation systems thermally coupled to treatment facilities was carried out by Gonzalez-Bravo et al. [5] to obtain simultaneously the optimization on a minimum cost criterion of the thermal distillation unit and the heat exchange network that integrates heating and cooling in the process facility. Figure 1 classifies the main desalination techniques are into two categories: membrane processes and thermal processes. Figure 1 also recalls the percentage of total volume of desalinated water production for the three main systems, which are reverse osmosis (RO), multi-stage flash distillation (MSF) and multiple-effect distillation (MED) . The other systems account for the remaining 6 %. The degree of compatibility of desalination techniques with heat pumps is evaluated in Table 1 . It appears clearly that the operation of electrodialysis (ED) is not related to heat. The temperature has very low influence on the operation of RO. These two methods of membrane desalination technology are not suited to the coupling with heat pumps. MED and MD appear to be systems compatible with classic heat pumps. The operating temperature range of MSF is high in comparison to that produced by the heat pump that can range from 25 °C to 65 °C. For thermal vapour compression (TVC), the temperature range corresponds to that of a heat pump, but this process does not have a refrigerating effect. Membrane distillation is both a thermal and a membrane process. MD can produce high-quality pure water by utilizing a porous hydrophobic membrane to separate a feed compartment and a permeate compartment. The MD process is most suitable due to the low operating temperatures, compatible with conventional air conditioning units. Low-grade waste heat or renewable energy might be favourably used for seawater desalination using membrane distillation [6] . MD is a thermal membrane process using the vapour pressure gradient created between a hot stream and a cold stream as the driving force. Four classic configurations of MD are usually encountered in the literature, which differ by the nature of the permeate management [7] [8] : direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), vacuum membrane distillation (VMD) and sweeping-gas membrane distillation (SGMD). In all MD configurations, one side of the hydrophobic membrane is in contact with the hot feed solution. The other side is in contact with cold permeate for DCMD, air gap for AGMD, vacuum for VMD and gas for SGMD. DCMD is the easiest and simplest configuration [7] . In this process, the heat loss by conduction is high and it presents a high risk of wetting of the membrane. AGMD is the most versatile of all configurations because of its air gap [9] . It is characterized by the lowest thermal losses and by a lower risk of wetting and fouling of the membrane. The recovery of the heat to preheat the feed solution is easy with DCMD and AGMD. SGMD is known for its low temperature polarization and relatively low permeate flux [7] . VMD has a low loss of thermal conductivity and resistance to mass transfer in the boundary layer with a high permeate flux [10] , it has a very high risk of wetting the membrane [11] . Additional energy is consumed for the vacuum pump in VMD and for ventilation in SGMD. The heat recovery is very difficult with these two configurations and the set-up is more complex due to the need of an external condenser. Following this screening of desalination systems, AGMD was chosen for the coupled system due to its simplicity.
Therefore, the objective of this study is to couple a cooling device with an AGMD unit for the simultaneous production of cold air and fresh water by desalination. The thermodynamic cycle of the cooling device and the AGMD unit were modelled using EES software [12] . Each component of the refrigeration circuit (compressor, condenser, expansion valve and evaporator) is modelled. Based on the experimental results obtained with an AGMD pilot plant (different machine from the coupled system), the model is first validated. It is subsequently used to predict the performance, in terms of permeate flux, energy and exergy efficiency, of the coupled system that produces cooling energy and distilled water.
Description of the coupled system
The idea is to recover the heat lost towards the environment by a refrigeration equipment or an air conditioning equipment to produce fresh water ( Figure 2 ). The coupled system is sized using a small air conditioner with a cooling capacity of 2.5 kW. The evaporator supplies cooling energy. This heat exchanger is here a roll-bond in which the refrigerant gradually changes from the liquid state to the gaseous state by absorbing heat from the medium to be cooled (heat source). The compressor is a mechanical device that sucks the gaseous refrigerant coming from the evaporator at low temperature and pressure, compresses it to a higher level of temperature and pressure and then delivers it to the condenser. The condenser is a heat exchanger that supplies the latent heat contained in the refrigerant in the gaseous state issuing from the compressor by liquefying it. The expansion valve reduces the temperature and the pressure of the refrigerant coming from the condenser before it is injected into the evaporator.
A plate heat exchanger (HX) is positioned between the air conditioner and the unit MD to recover the quantity of heat contained in the brine by preheating the feed solution and slow the progression of the feed temperature in the tank. A pump drives successively the feed solution in the cold channel of the MD unit, in the condenser of the air conditioning to heat the feed solution, then in the hot channel of the MD unit where the flux is divided between the permeate flux and the brine flux, which is slightly more concentrated in salt. The brine flows finally back to the feed tank. Pre-treatment and post-treatment are not dealt with in this study. The system is operated with mixed solutions of pure water and salts. Two following scenarios are studied with this coupled system. -In Scenario 1, the system is connected to a network of seawater instead of the water tank of Figure 2 . The brine is directly discharged into the sea (open loop continuous operation). The recovery heat exchanger is used to preheat the feed seawater with the heat left in the brine. This scenario can be applied to hotels or office buildings installed close to the sea using refrigeration or air conditioning. The inlet temperature of the cold channel (T c,in ) is considered constant for a given test.
-Scenario 2 corresponds to the configuration shown in Figure 2 (batch mode). It is a system with a closed loop function that can be used in rural areas. The tank is assumed to be filled up regularly with a new amount of sea water or brackish water. An initial tank volume of 100 L was assumed acceptable regarding a daily filling up. A dynamic model is useful for evaluating the performance of the system because the salt concentration, the temperature and the mass of the reservoir evolve over time. A coefficient equal to 0.2 kW.K -1 is applied to take into account the heat loss of the tank volume towards the environment because it continuously recovers the hotter brine.
Numerical modelling

Air conditioner model
The results of experimental tests on an air-to-water heat pump working with propane (R290) were used to validate the numerical models of the components [13] . The compressor power and the coefficient of performance (COP) are predicted within 5% of error. The coupled system is sized with a small air conditioner with nominal heating and cooling capacities of 2.5 kW and 2 kW respectively for T cd = 40 °C and T ev = 0 °C. The expansion valve is simply modelled by the conservation of the enthalpy through the expansion process. The models of compressor and heat exchangers are presented hereafter.
Compressor model
The compressor model is built using data tables provided by the manufacturer reporting the COP, the cooling capacity and the electric power consumption as a function of evaporating and condensing pressures. Equation 1 determines the refrigerant flow rate from the fluid density, volumetric efficiency and swept volume. Equation 2 is used to calculate the electrical power absorbed by the ideal mechanical power according to isentropic compression and the isentropic efficiency of the compressor.
The volumetric and isentropic efficiency are given by equations 3 and 4 as a function of the compression ratio  (ratio of high pressure over low pressure), evaporation and condensation temperatures and the polytropic coefficient . 
Heat exchangers model
The heat exchanger models use the logarithmic average of the temperature difference method (DTLM). The heat exchanged can be calculated using equations 5 to 7. In the case of the external air evaporator, a correction factor F is taken into account due to cross-flow fluids. The resolution of the system of equations 5 to 7 makes it possible to calculate the refrigerant operating pressures as well as the outlet temperatures. The global heat exchange coefficients (U values for the evaporator and the condenser) were calculated using correlations on the convective heat exchange of the fluids as a function of their temperatures [14] [15] .
AGMD unit
In the AGMD configuration, the air gap is delimited by a microporous membrane and a condensation plate. A spacer is placed in the air gap to maintain the membrane at a constant distance of the condensation plate. Its thickness defines the permeate channel. Within the AGMD module, two phenomena occur simultaneously: heat and mass transfers. For modelling, it is possible to divide into four zones ( Figure 3 ). The phenomenon was modelled using EES software. The 1D model was built using heat and mass transfer equations and literature correlations. 9). The temperature of the hot feed solution is calculated using the relation 10. Where and are input and output temperatures of the feed solution in the hot channel.
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The heat flux from the surface of the membrane to the condensate consists of a convective term and a diffusive term. It is governed by Equation 11 , where R mT is the thermal resistance of the membrane, T mg is the temperature at the interface of membrane and air gap, J v is the vapour flux passing through the membrane and is the ∆ℎ enthalpy of the vapour. The thermal resistance R mT depends on the resistance of the membrane material R m (equation 13) and the thermal resistance of the vapour in the pores R v (equation 12). The resistance of the membrane can be calculated from the thermal conductivities of the material of the membrane and air trapped inside the membrane pores using equation 6 where and are the thickness and porosity of the membrane, respectively. The resistance of the vapour in the pores is calculated by Equation 14 .
The heat flux through the air gap is assumed solely convective and carried by the water vapour and is calculated using equation 15 where and are the thermal resistance of the air gap and temperature of permeate, respectively. The thermal resistance of the air gap can be calculated through equation 16. , and are the air gap, permeate and spacer thicknesses, respectively.
is the conductivity of the spacer, is the void volume of the spacer and is the total volume of the spacer. The permeate thickness is determined by equation 17, where , and are liquid water and vapour densities and vapour viscosity, respectively, and is the acceleration of gravity.
The heat flux from the interface of the condensation surface to the interface between the cooling solution and the metal plate can be translated by equation 18 where and are the thermal conductivity of the plate, the plate thickness and is the temperature at the interface of the cold solution and the plate.
The heat flux in the boundary layer of the cold channel can be expressed by equation 19 , where and are the ℎ heat transfer coefficient and the temperature of the cold solution in the cold channel. The mean temperature of the cold solution is calculated using equation 20.
The convective heat transfer coefficients and can be calculated by equation 21 where is the hydraulic ℎ ℎ ℎ ℎ diameter, is the thermal conductivity and is the Nusselt number and can be determined by the correlations of Table 2 depending on the Reynolds number. is given in equation 25. , , and are the molecular weight of water, the gas constant, the absolute * temperature of the membrane and the total pressure inside the pores, respectively. is the thermal diffusivity of water vapour in the air gap and is the tortuosity of the membrane and can be calculated by equation 26. The product can finally be calculated by equation 27. In Scenario 2 (see section 2), the mechanisms of heat and mass transfers strongly depend on the initial mass and the initial temperature of the water tank. The evolution of these quantities is a function of time for the system studied. The mass of the tank is calculated as following:
The heat transfer in the balance tank containing the feed is estimated by equation 30. The UA tank value is the product of a heat exchange coefficient and a surface area evaluating the heat losses of the tank.
The evolution of the tank temperature can be calculated by equation 31. T i,tank corresponds to the initial temperature of the feed solution in the tank.
The water salinity in the tank also varies with time. During the operation, distilled water is produced. This amount of water does not reintegrate the water tank while the amount of salts stays constant because on the contrary, the brine flows back to the tank. Equation 32 calculates the evolution of the salinity with time.
(32) = 3.3. System performance assessment
Cooling device
In these studies, the compressor consumption and the coefficient of performance (COP) are evaluated. We define the COP as the ratio of the cooling capacity to the electric power absorbed by the compressor (equation 33).
(33) =
Desalination unit
For desalination units, the performance is evaluated by the amount of energy consumed with respect to the amount of freshwater produced. The GOR (Gained Output Ratio) corresponds to the ratio of the amount of energy necessary to vaporize the permeate flux divided by the heat consumption GOR is used to measure the energy consumption of the process and it can be described by [21] (equation 34).
Exergy analysis
An exergy analysis is performed to convert the energy amounts from different forms (thermal, electric, chemical) and to calculate an exergy efficiency [22] . The exergy rate available in a water flux comprises thermal and chemical (e ch ) terms and is evaluated by equation 35. This equation can be used to determine the exergy rate of the brine sw,out . The exergy rate of a thermal flux th , such as the cooling energy, is calculated using equation Ex Ex 36. The reference state is defined by mean ambient conditions (T 0 = 20 °C and P 0 = 1 bar). The exergy efficiency of the system is given by equations 37 and 38. The economical exergy efficiency takes into account the useful production and the charged inputs to the system. The process exergy efficiency regards all inputs and outputs with the idea that every stream has a potential value.
Results and discussion
Experimental results
The experimental tests were carried out on an AGMD pilot plant (Xzero AB, Sweeden) ( Figure 4 ). The pilot plant is equipped with a 25-litre feed tank and a PTFE membrane (Gore, USA) with the same characteristics as reported in Table 3 and with a surface area of 0.195 m². Several parameters were studied, such as hot feed temperature, feed and coolant flow rates and air gap thickness with a model solution at 35 g/l NaCl. The feed temperature varies from 25 to 65 °C. The range of feed flow rate and coolant flow rate is from 2 to 5 l/min. The air gap thickness is 1.04 mm. The mean temperature of the cold fluid is the one of the chilled water network of the building, at 16 °C for all tests. The permeate is sampled every 20 minutes and then weighed with a precision scales. The permeate conductivity is measured with a conductivity meter in order to calculate the salt rejection using equation 39. During these tests, the temperature of the hot feed is maintained at 45 °C, 5 and 2 l/min are the hot and cold flow rates, respectively. Under these conditions, the long-term operation appears relatively stable. The permeate flux decreases from 2.56 to 2.17 kg/m²h (i.e. a decrease of 15.6 %) with a salt rejection over 99.99 % (Figure 6 ). The distillate produced by the MD decreases with increasing salt content. Despite the increase in electrical conductivity, the salt rejection rate remains quasi-stable. Lower values (but > 99.96%) of salt rejection appear for the first sample each day. These long-term tests provide essential results on the fact that the membrane operates correctly and that the process can be run in a batch mode. Therefore, Scenario 2 seems a credible solution for unconnected areas. 
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Simulation results with the coupled system
The results of the coupled system are calculated with a membrane area of 1 m². The properties of the membrane remain the same as in Table 3 .
Effect of the heat source temperature at the evaporator of the cooling device
The effect of the heat source temperature of the cooling device is evaluated using Scenario 1. The heat source varies from -10 °C to 25 °C, with an air gap thickness of 1.04 mm an flow rate of 2 l/min and different initial tank feed temperatures. Figure 8 shows the permeate flux as a function of the temperature of the heat source and the initial feed temperature of the tank. The permeate flux is very sensitive to the variation of the heat source temperature. It is observed that the permeate flux increases as the heat source temperature increases. If the ambient air temperature increases, the refrigerant evaporates at a higher temperature, this will allow the compressor to draw in the refrigerant without consuming a too high amount of electrical energy. When the temperature of the heat source decreases, the COP, the cooling and heating capacities decrease because the compressor consumes more of its energy to build up pressure than to send refrigerant flow rate. The MD unit receives colder seawater in the hot channel and the temperature and vapour gradient is lower. Therefore, the permeate flux decreases with the lower cooling capacity when considering the same refrigerating machine. This result shows that air conditioning is more suitable than domestic cooling and refrigeration for a large permeate flux production. In the following simulations, the air inlet temperature will be fixed at 25 °C (i.e. in the case of an air conditioner). Figure 9 shows the effect of the seawater inlet temperature on the outlet temperature of the condenser of the cooling device and the permeate flux at a flow rate of 2 and 5 l/min. Different sea water temperatures (15 to 30 °C) were used to observe the behaviour of the coupled system studied. Figure 9a shows that the feed inlet temperature increases the inlet temperature in the hot channel. The condenser outlet temperatures are higher for the lower feed flow rate. This is due to the fact that the residence time of the feed solution is longer when the flow rate is lower. This results in an increase of the permeate flux (Figure 9b ). The increase of the permeate flux is exponential with respect to the feed inlet temperature in the hot channel. This result can be seen in Figure 7 in the experimental validation work of the numerical model of the AGMD. Furthermore, the permeate flux is sensitive to the variation of the initial inlet temperature of the cold channel. The driving force behind the mass transfer in the AGMD process increases when the outlet temperature of the condenser (or feed inlet temperature in the hot channel) increases, which leads to an increase of the transmembrane vapour pressure gradient in accordance with the Antoine equation (equation 23). When the inlet temperature of the cold channel increases from 15 to 30 °C, the permeate flux is almost twice for a flow rate of 2 l/min. For a decrease of the flow rate of 5 to 2 l/min, there is an increase of 70.9 % with an inlet temperature of the cold channel of 30 °C. In Scenario 2, a tank capacity of 100 L is chosen to expect to desalinate a substantial part of the water consumption of one person per day. The initial salinity of the feed water in the tank is 35 g/kg, corresponding to the average salinity of Atlantic Ocean, with an initial temperature of 15 °C. In this simulation condition, the evolution of the inlet temperature of the hot channel and that of the tank are shown in Figure 10 for a duration of 420 minutes of continuous operation. This duration corresponds to 7 hours, which is a reasonable operating time per day for an air conditioning unit. It is observed that the temperature of the tank is not very sensitive to the variation of the flow rate. Nevertheless, a high flow rate increases this temperature. It is also visible in Fig 10 that a lower flow rate produces a higher feed inlet temperature at the hot channel for the same reason mentioned in Scenario 1 ( Figure 9a ). As the temperature of the water tank increases with time, it also raises the condenser outlet feed temperature. After 120 minutes of operation, the temperatures stabilize because the heat gained by the brine return is balanced by the heat losses of the tank towards the environment. Figure 11 illustrates the production of permeate flux and the effect of salt concentration. It is evident that the salt concentration increases more rapidly with a low flow rate (Figure 11 ) because the latter produces more demineralized water. This increase in salt concentration decreases the permeate flux compared to Figure 7 because the surface area of the membrane used and the T h,in are lower with the experimental test. The freshwater masses produced after 420 minutes of operation with 2 and 5 l/min are 33.9 and 21.0 kg respectively. In comparison, Scenario 1, run in a continuous mode, is not influenced by salinity variation. However, the feed water temperature is limited to the sea temperature. The higher permeate flux, being constant over time, enables to produce, in 420 minutes, only 27.9 and 8.0 kg with 2 and 5 l/min respectively. These values are obtained with a feed water temperature of 30 °C, which is lower than in Scenario 2. 
Performance of the system
The COP, the GOR and the exergy efficiency are used to evaluate the performance of this system. The COP characterizes the performance of the air conditioner and the GOR, that of the MD. The COP of the air conditioner decreases considerably with the flow rate (Figures 12 and 13 ). For Scenario 1, an increase of the temperature of the seawater feed in the cold channel of the MD unit also reduces the COP as shown in Figure 12 . In Scenario 2, the inlet temperature of the cold channel corresponds to the change in the temperature of the tank over time. As the temperature of the water tank stabilizes in 120 minutes of operation (Figure 10 ), this behaviour is constant with the COP (Figure 13) . A decrease of the COP may penalize the functioning of the heat pump by increasing the power consumption of the compressor for the same cooling duty.
The GOR is also present in figures 12 and 13 respectively for Scenario 1 and Scenario 2. The GOR increases with the increase of T c,in or T tank and T h,in . When the temperature inlet of the cold channel increases, this results in a small decrease of the temperature difference, which means that it requires less heat to reach the required temperature. This secondary effect is added to the significant increase of the permeate flux to generate an improvement of GOR. The maximal value of the GOR is of 7.4 at 2 l/min and T c,in = 30 °C for Scenario 1. In Scenario 2, the GOR reaches 9.8 with a flow rate of 2 l/min for an operating time of 120 min. After this time, the higher salinity shown in Figure 11 slightly reduces the permeate flux and the GOR. An exergy analysis was performed to evaluate the irreversibility of the system using the second law of thermodynamics. Exergy corresponds to the amount of equivalent mechanical work available of other forms of energy. Electric energy is considered as pure exergy. Table 4 shows the detailed results of exergy rates and economical and process exergy efficiencies for Scenario 1 and Scenario 2. The exergy rate of the pump is considered constant and equal to 50 W for Scenario 1 and 5 W for Scenario 2. Scenario 1 supposes to pump the seawater from the sea. Therefore, the pipe length and the pressure drops require a more powerful pump. In both scenarios, the process exergy efficiency including exergy amounts from feed seawater and brine increases progressively as T c,in (in Scenario 1) or T tank (in Scenario 2) increases. However, the higher exergy efficiencies on an economical viewpoint are found for the higher flow rate and the lower temperatures in both scenarios. This result is mainly explained by the fact that the electric power consumed by the compressor is lower. 
Conclusion
A model of air conditioner operating with propane (R290) is used in this work for a coupling with an AGMD unit. The model results were compared with experimental data from an AGMD pilot plant. The long-term experiments show a constant salt rejection rate over 99.99% that validates the quality of the membrane and the process.
The effects of various operating parameters such as feed water temperature and flow rate on the permeate flux were studied and presented in this study. The analysis showed that the temperature outlet of the feed water is high when the residence time of the water is long inside the heat exchanger (condenser). It leads to a higher permeate flux. However, low flow rates and high cold channel inlet temperatures reduce the COP of the air conditioner but conversely, they increase the GOR in the two scenarios studied. In Scenario 1, the exergy efficiency is better with a high flow rate and low cold channel inlet temperature. In Scenario 2, increasing the temperature of the water tank seems to reduce the exergy efficiency for a long period of operation of the air conditioner. One advantage of Scenario 1 is that the salt concentration is constant and does not influence the permeate flux. In Scenario 2, the permeate flux decreases over time by the salt concentration in the water tank. This Scenario 2 can be improved in the future by reducing as much as possible the temperature of the tank.
The set of results presented here is interesting as being a first assessment of design parameters for an MD unit system coupled to an air conditioner. It confirms that the two scenarios can be envisaged for either coastal buildings or remote areas. 
